Background: Young patients with congenital heart disease reaching adulthood face mandatory transition to adult cardiology. Their new cardiologist needs to assess the chances of major future events such as surgery. Using a large national registry, we assessed if patient characteristics at the age of 18 years could predict the chance of congenital heart surgery in adulthood. Design and methods: Of 10,300 patients from the CONCOR national registry, we used general patient characteristics at age 18 years, underlying congenital heart defect, history of complications, and interventions in childhood as potential predictors of congenital heart surgery occurring from age 18 years up to age 40 and 60 years. Cox regression was used to calculate hazard ratios with 95% confidence intervals. Analyses were performed separately for all congenital heart surgery and for valvular surgery alone. Results: Altogether 2427 patients underwent congenital heart surgery after age 18 years, 1389 of whom underwent valvular surgery. Underlying heart defect, male sex, multiple defects, childhood endocarditis, supraventricular arrhythmia, aortic complications and paediatric cardiovascular surgery, independently predicted adult congenital heart surgery. The mean chance of congenital heart surgery was 22% up to age 40 and 43% up to age 60 years; individual chances spanned from 9-68% up to age 40 and from 19-93% up to age 60 years. Conclusion: At the time of transition from paediatric to adult cardiology, an easily obtainable set of characteristics of patients with congenital heart disease can meaningfully inform cardiologists about the patient's individual chance of surgery in adulthood. Our findings warrant validation in other cohorts.
Introduction
The number of adults with congenital heart disease is estimated at more than 1 m in the USA and at least 1.2 m in Europe, 1, 2 and exceeds the number of children with congenital heart disease. 3 Although major advancements in cardiothoracic surgery have enabled 95% of babies with congenital heart disease to survive to adulthood, 4 approximately 20% of adults require congenital heart surgery, 40% of whom undergo a reoperation. 5 Postoperative risks are substantial with mortality rates ranging from 2-8% and serious complications reported in up to 24% cases with various defects, [6] [7] [8] along with a high rate of hospital admissions potentially leading to surgery. 9 These figures are particularly important for young patients entering adulthood because of a substantial lapse of care from paediatric to adult cardiac care, which in itself is associated with morbidity, [10] [11] [12] as well as a lack of clarity on medical prospects for which these young adult patients have a documented need. 13 Up until now, adult congenital heart surgery has either been described on a patient group level, 5 or prognostically confined to a single risk factor or defect. [14] [15] [16] Yet individual risk assessment based on multiple patient characteristics would be of added value, similar to the several scores that predict the risks of surgery for acquired heart disease. 17 , 18 Previously, we have developed a score that accurately predicts the chance of endocarditis in young adult patients using the Dutch nationwide CONgenital CORvitia (CONCOR) clinical registry. 19 Now we aim to assess whether simple patient characteristics at entering adulthood can meaningfully predict the need for congenital heart surgery later in life.
Methods

CONCOR registry
The CONCOR Dutch national registry database has been described in detail. 20 Briefly, CONCOR aims to facilitate research into the aetiology of congenital heart disease and its outcome. Patients with congenital heart disease aged 18 years or older were recruited and included by three independent, permanently employed research nurses through the treating cardiologist or via responses to advertisements in the local media. Clinical data such as diagnosis, clinical events and proceduresclassified using the European Paediatric Cardiac Code Short List coding scheme 21 -as well as patient and family history were obtained from medical records. In the case of multiple diagnoses in one patient, a prespecified hierarchical scheme founded on consensusbased classification of defect severity 22 was used, by means of which the diagnosis with the worst prognosis was established as main diagnosis. After entry, data on major cardiac events prior to entry and during followup were systematically recorded from the patients' medical letters written by their cardiologist. Quality control of data is performed by randomly verifying around 10% of data yearly. Currently, 107 Dutch hospitals are participating, including all eight tertiary referral centres from which 70% of patients originate.
Risk score
Patients were identified from the CONCOR database. Date of birth, sex, main congenital heart diagnosis, the presence of more than one cardiac defect, and the occurrence and date of surgery for congenital heart disease (before and after inclusion in CONCOR) were obtained. Also, a number of complications that occurred prior to age 18 years were included as predictors, because they either potentially increased the risk of major cardiovascular surgery or were considered clinically important events that therefore may have predictive ability: 4 cerebrovascular accident or transient ischaemic attack, supraventricular arrhythmias, conduction disturbances, ventricular arrhythmias, aortic complications (comprising aneurysm and dissection), myocardial infarction, systemic hypertension, pulmonary hypertension, and Eisenmenger syndrome. Finally, all congenital heart interventions prior to age 18 years were recorded and divided into surgical (defined as requiring sternotomy or thoracotomy for cardiac surgery, or aortic surgery) or percutaneous interventions. To focus on more specific surgery, analyses were confined to valvular surgery (defined as isolated heart valve surgery).
We constructed a risk model for 18-year old patients who recently transferred from the paediatric to the adult cardiologist using components that could be easily obtained from medical history-taking. The outcomes were all cardiovascular surgery (thus excluding percutaneous interventions) and valvular surgery up to 40 and 60 years of age. These cut-off points were chosen as they form large yet recognisable time spans to both patients and clinicians, and because they allowed for a stable fixed-age model. We included all candidate predictors (Table 1) in a Cox proportional hazards model, with time from age 18 years to (first episode of) all cardiovascular surgery or valvular surgery (yes vs no) as the outcome variable and sets of predictors as independent variables; elapsed time between 18 th birthday and censoring (i.e. surgery, death or time of analysis) was calculated. Congenital heart defect was entered as a dummy variable with ventricular septal defect as reference category, which was most stable having the highest frequency. All candidate predictors were entered into the model and excluded in a backward stepwise fashion using the likelihood ratio test with a p-value according to Akaike's information criterion. 23, 24 We specified the total follow-up experience for cardiovascular surgery to a fixed 22-and 42-year follow-up from age 18 years (thus up to age 40 and 60 years, respectively) using the linear predictor from the final model and the set baseline hazard of the CONCOR patients who had exactly 22 years (n ¼ 196) and 42 years (n ¼ 91) of follow-up from age 18 years. 25, 26 Using the baseline hazard for patients with these specific observed follow-up periods allowed us to use Cox proportional hazards regression to calculate absolute risks for these periods for all patients, but particularly for those with different observed follow-up periods. To study the performance of the final risk model, we assessed its discrimination and calibration. Discrimination is the ability of the model to distinguish between patients with and without surgery. Discrimination was quantified by the concordance-statistic (c-statistic), which is equal to the area under the receiver operating characteristic curve (AUC), 27 ranging from 0.5 (no discrimination; equal to flipping a coin) to 1.0 (perfect discrimination). 28 Calibration refers to the agreement between predicted risk estimates and observed probabilities. To evaluate the calibration, we calculated the observed cumulative incidences (Kaplan-Meier estimates) after 22-and 42-year follow-up for each decile of predicted risk and compared them graphically. We also introduced cut-off values in the predicted risk estimates at (arbitrarily chosen) 10% and 30%, thus categorising patients as having a low (<10%), moderate (10-30%), or high risk (>30%) of undergoing cardiovascular surgery and valvular surgery up to age 40 and 60 years.
Risk models derived from multivariable regression analysis may overestimate regression coefficients, resulting in overvalued predictions when applied in new patients. 29, 30 Therefore, we internally validated our model with bootstrapping techniques, resulting in a shrinkage factor for the regression coefficients and the c-statistic. 29, 31 Due to censoring in time to event data, receiver operating characteristic (ROC) curves cannot be constructed, but the corrected c-statistic can be used to estimate the discriminative ability expected in future patients.
To facilitate the practical application of the model in clinical practice, the regression coefficients of the predictors were converted into risk scores; the total points (sum scores) were divided by 10 (in case of all cardiovascular surgery) or four (in case of valvular surgery), rounded to the nearest integer, and subsequently linked to the absolute risk of surgery up to age 40 and 60 years. The numbers 10 and four were chosen for reasons of practical applicability only, since these numbers best fitted the risk score. The sum score for all cardiovascular surgery comprises the score for sex, main defect, the presence of multiple defects, previous complications and previous surgery. If multiple defects are present, the most serious defect is considered the main defect; in contrast, all childhood complications and operations listed in the table add up.
Data summaries
Median age was calculated at time of analysis and at time of inclusion in CONCOR, since the time span from age 18 years to inclusion was also included in the risk score. Accordingly, all complications, interventions and re-interventions at adult age were summarised regardless of the moment of CONCOR inclusion. Frequencies of complications and interventions up to age 18 years were calculated in total and by defect and by event. The incidence rates of total cardiovascular and valvular surgery were calculated by dividing the number of patients with cardiovascular or valvular surgery by patient-years (i.e. number of all patients multiplied by duration between 18 th birthday and censoring) for each defect comprising 100 patients. Other results were expressed as hazard ratios (HRs) with 95% confidence intervals (CIs); 95% CI not including 1.0, corresponding to two-sided p-values of less than 0.05, were considered statistically significant. We used SPSS and R for analyses.
Results
Of 10,300 patients, 5236 (51%) were female. Mean follow-up duration was 18.8 years (range, 0.0-75.2 years) with a total of 193,336 patient-years (PY) of follow-up. Median age was 33.1 years (range, 18.0-92.2) at time of inclusion in CONCOR and 37.4 years (range, 18.1-93.6) at time of analysis. Congenital heart surgery took place in 2427 patients (24%) at a median age of 31.4 years (range, 18.0-80.9). Specifically, 1389 patients (13%) underwent valvular surgery in adult life. The overall incidence of all cardiovascular surgery for adult congenital heart disease was 12.6 (95% CI 12.1-13.1) cases per 1000 PY, which corresponds to a cumulative incidence of approximately 1% per year. Patients with aortic stenosis and tetralogy of Fallot had the highest incidence rates of cardiovascular surgery with 23.7 (95% CI 21.2-26.3) and 22.2 (95% CI 19.8-24.6) cases per 1000 PY, respectively. The overall incidence of adult valvular surgery was 6.5 (95% CI 6.2-6.9) cases per 1000 PY at a median age of 33.6 years (range, 18.0-80.9). Patients with aortic stenosis and Marfan syndrome showed the highest incidence rates of valvular surgery with 19.0 (95% CI 16.8-21.3) and 14.2 (95% CI 11.8-16.6) cases per 1000 PY, respectively. Women had a 15% lower risk of surgery for congenital heart disease, and a 23% lower risk of valvular surgery than men (both p < 0.001) after adjustment for underlying heart defect. Table 1 shows the predictors of both risk scores, including sex, main defect, the presence of multiple defects, four childhood complications (endocarditis, supraventricular arrhythmias, conduction disturbances, and aortic complications), and congenital heart surgery before age 18 years. For all cardiovascular surgery, both predicted and observed risk up to age 40 years was 22%, and 43% up to age 60 years; for valvular surgery alone, the predicted risk was 14% (observed risk 12%) up to age 40 years, whereas the predicted risk was 29% (observed risk 26%) up to age 60 years; see Figure 1 for the cumulative observed risks. The model for cardiovascular surgery discriminated moderately between patients who underwent surgery and who did not (c-statistic ¼ 0.68); the model for valvular surgery discriminated fairly well (c-statistic ¼ 0.77). Table 2 shows the score chart for individual patients who have just transferred from the paediatric to the adult cardiologist. As an example of how to use this chart, consider a young woman with an aortic coarctation and a mild mitral valve stenosis, who underwent aortic coarctation repair as a child without major complications. Female sex (-3 points), the presence of more than one defect (11 points), aortic coarctation as the most severe 22 and thus main defect (27 points), and surgery in childhood (-14 points), together add up to 21 points. This is divided by 10 and rounded to the nearest integer, rendering a sum score of two. According to the chart, this sum score corresponds to a risk of congenital heart surgery of 24% up to age 40 years, and a risk of 48% up to 60 years. Similarly, the risk of valvular surgery may be calculated separately for this patient. Adding up points for each predictor mentioned above (-1þ5þ4þ1 ¼ 9 points) divided by four and rounded to the nearest integer, renders a sum score of two. This corresponds to a risk of 11% up to age 40 years and a risk of 28% up to 60 years for valvular surgery. Figure 2 shows the observed incidence of all cardiovascular surgery and valvular surgery by decile of predicted risk for surgery up to age 40 and 60 years. All values were very close to the diagonal line, denoting good concordance between observed and predicted probabilities.
Discussion
To our knowledge, this is the first study to assess and predict the absolute risk of congenital heart surgery later in life for individual young patients who have entered adulthood.
Strengths and limitations
We used a large nationwide patient population that is representative of the adult patient population with congenital heart disease, using a wide range of patient characteristics and clinical variables as potential predictors and fitting the clinical setting of the young adult patient with congenital heart disease recently transferred to adult medical services. Furthermore, the risk score models are stable and our risk score is conditional on the premise of both clinical and procedural characteristics changing over the years. With ongoing advancements in medical care, percutaneous interventions will increasingly take the place of surgery, both in patients with mild defects and in those too vulnerable for surgery. 32 This may lead to an overestimation of calculated risks of surgery. Nonetheless, our estimates still reflect the expected long-term need for intervention. Some predictors were more precisely estimated than others, as reflected by the confidence bands around the hazard ratios. Moreover, some factors were not taken into account that might have influenced the risk of surgery, such as novel diagnostic methods. Preferably, our risk scores need to be validated in other cohorts. 33 Adult patients who died prior to enrolment in the CONCOR registry are not accounted for in our risk score. The significance of the bold numbers is to emphasize that these numbers do not add to the risk score itself.
Relation to current literature
We found an overall incidence rate of 12.6 operations per 1000 PY, emphasising that congenital heart disease is rarely cured. Several predictors known to increase the risk of cardiovascular surgery were confirmed, such as male sex and increasing age. 5, 34 The finding that women are treated less often for heart disease has been previously described, 35 yet the frequency of congenital heart disease complications also differs by sex. 36 Furthermore, some associations may seem counterintuitive, such as congenital heart surgery in childhood inversely predicting surgery in adult life. This may be due to the fact that certain defects of moderate severity such as tetralogy of Fallot are particularly prone to residual defects requiring reoperation, whereas complex defects have less sequels that can be treated surgically or carry a too high a risk of adverse outcome. Moreover, mild defects are either often treated adequately to prevent further operations, or they require no surgery until adulthood or no surgery at all. However, we emphasise that an association is not the same as a causal relation, and therefore should not be interpreted as such. The predictors merely have the ability to distinguish between patients who will and will not undergo congenital heart surgery, which is illustrated by supraventricular arrhythmias and conduction disturbances being good predictors of surgery in adult life. These disorders have no direct causal relation with surgery, but their presence in childhood on average reflects more serious underlying conditions that are itself associated with increased risk of surgery later in life. Finally, our risk score includes several risk factors that may not be applicable to all defects and therefore may seem counterintuitive, for example aortic pathology in patients with an atrial septal defect. However, this does not affect the risk score, since these predictors only add up in patients to whom particular complications pertain. Kaplan-Meier (K-M) estimate (denoting observed risk). The dotted line represents perfect calibration. For age 40 years, in patients with a low (<10%) predicted risk of all cardiovascular surgery (n ¼ 2309) the observed incidence was 6%. In those with a moderate (10-30%) predicted risk (n ¼ 5473) the observed incidence was 21%. In patients with a high (>30%) predicted risk (n ¼ 2518) the observed incidence was 39%. For valvular surgery, in patients with a low predicted risk (n ¼ 5548) the observed incidence was 3%. In those with a moderate predicted risk (n ¼ 3809) the observed incidence was 19%. In patients with a high predicted risk (n ¼ 943) the observed incidence was 37%. For age 60 years, six patients had a low predicted risk of cardiovascular surgery; the observed incidence was 0%. In those with a moderate predicted risk (n ¼ 3078) the observed incidence was 14%. In patients with a high predicted risk (n ¼ 7216) the observed incidence was 53%. For valvular surgery, in patients with a low predicted risk (n ¼ 2898) the observed incidence was 2%. In those with a moderate predicted risk (n ¼ 3157) the observed incidence was 19%. In patients with a high predicted risk (n ¼ 4245) the observed incidence was 50%.
Implications and future research
Young adult patients with congenital heart disease face a future quite different from their healthy peers, both in terms of physical health and psychological wellbeing, 37, 38 and with regard to their chances of obtaining employment and insurance. 39, 40 Their lives may be influenced further by (recurring) surgery. Herein lies an important task for the cardiologist to inform and counsel the young patient on their prognosis. Yet current guidelines provide only average estimates of highly selected populations, which are difficult to translate to the individual patient. 41 Using readily available clinical parameters, our risk scores can identify the few young patients with very high predicted risks and formally reassure the many youngsters with a low predicted risk. Finally, the risk scores may later be scrutinised and narrowed to more specific types of congenital heart surgery, subgroups of patients, and to patients at any age.
In conclusion, a very manageable set of characteristics of young patients with congenital heart disease at the transition from paediatric to adult cardiology can meaningfully inform cardiologists about the chances of further surgery in adulthood. Our findings warrant further validation in other cohorts.
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